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The magnetic properties of carbon nanotube encapsulated nickel nanowires (C.E.  
nanowires of diameter ~ 10 nm), and its comparison to other forms of Ni are carried out 
in this work. The saturation magnetization (Ms) and coercivity (Hc) for C.E. nanowires 
are 1.0 emu/g and 230 Oe. The temperature dependence of coercivity follows T0.77 
dependence indicating a superparamagnetic behavior.  The field-cooled and zero-field-
cooled plots indicate that the blocking temperature (TB) ~ 300 K. These altered magnetic 
properties of C.E. nanowires are mainly due to the nanoscale confinement effect from 
carbon nanotube encapsulation. The shape and magnetic environment enhance the total 
magnetic anisotropy of C.E. nanowires by a factor of four.        
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1. INTRODUCTION 
Magnetic nanostructures have received increasing interest because of their 
potential application in magnetic recording media, sensors, and storage systems, and are 
fundamentally important as model systems to investigate nanomagnetism which is 
significantly different from magnetic properties of bulk material.1-4   
Earlier studies in the magnetic nanosystems have shown that the basic magnetic 
properties can vary significantly as a function of both size and shape.5 For e.g. the 
saturation magnetization (Ms ~ 57.8 emu/g ) and coercivity (Hc ~ 0.7 Oe) values in bulk 
nickel are shifted to 2.5 emu/g and  193.6 Oe, respectively, as the particle size is reduced 
to 2-3 nm.6 The results have shown that coercivity undergoes a change as the particle size 
is reduced to nanoscale, reaches a maximum for a critical diameter, and then tends to 
decrease.7 This is attributed to the variation from multi to single-domain regime where 
dipolar interactions, magnetic anisotropy energy as well as the packing density play 
crucial roles.7-9 Although magnetic properties as a function of size and shape have been 
investigated, a systematic study for a particular system by taking into account the aspect 
ratio and surrounding environments is yet to be reported.5,8 Since it is known that 
nanomagnetism is quite sensitive to the intrinsic (size and shape of the particles) and 
extrinsic (coatings, encapsulation, etc.) contributions, a comparative investigation is 
required to separate out these factors.        
This paper addresses the basic issue of how magnetism in nickel is transformed as 
a function of size and form in different environments.  Towards this, a typical sample of 
carbon nanotube encapsulated (C.E.) Ni nanowires has been studied, and the effect of 
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encapsulation on magnetic properties has been determined. In this work, the magnetic 
properties of C.E. nanowires are measured and compared to that of reported works on 
bulk,10 nanorods11 and template embedded nanowires12 (T.E. nanowires). The 
experimental data show that in C.E. nanowires: Hc ~ 230 Oe, blocking temperature         
~ 300 K and shape anisotropic constant is 2 × 105 erg / cm3, which are quite different 
from other forms of Ni.  Furthermore the shielding of nanowires with diamagnetic carbon 
nanotube layer provides an effective barrier against oxidation, which is suitable for high 
temperature magnetic applications in storage devices, sensors, etc. 
 
2. EXPERIMENTAL DETAILS 
  Polycrystalline nanowires of nickel are grown inside multiwall carbon nanotubes 
(MWNT) by thermal chemical vapor deposition (CVD) using LaNi2 as catalyst.13 The 
TEM images in Fig. 1 reveal that nickel nanowire of diameter ~ 10 nm is encapsulated 
within MWNT of outer diameter ~ 30 nm. In a typical collection of these C.E. nanowires, 
the nanowires are randomly oriented. The magnetic measurements were carried out in a 
superconducting quantum interference device (SQUID) magnetometer [MPMS – 7 
(Quantum Design)]. For zero field cooled (ZFC) measurement, the sample was cooled 
down to 5 K in absence of magnetic field, and the data were taken while warming to 300 
K in presence of a magnetic field of 100 Oe. Field cooled (FC) data were taken while 
warming the sample after cooling it to 5 K at 100 Oe. The hysteresis data were taken at 5, 
100 and 300 K, up to 7 Tesla. The data of bulk Ni, of particle size of several micrometers, 
is taken as a reference.10 Moreover, magnetic properties of randomly oriented Ni 
nanorods, synthesized in presence of hexadecylamine (HDA) is chosen for comparison.11 
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Data for Ni nanowires embedded in porous alumina membrane [named as template 
embedded (T.E.) nanowires], are also used for this comparative study.12 These samples 
were selected in such a way that the diameter of each of them (except the bulk) is in the 
range of 4-30 nm, so that the magnetic properties are not significantly altered due to size 
dependent contributions.  
 
3. RESULTS AND DISCUSSION 
The hysteresis loop of C.E. nanowires has been compared to that for bulk and 
T.E. nanowires at 300 K, and for nanorods at 2 K, as shown in Fig.2. The value of Ms for 
nanorods (60 emu/g at 2 K), close to that of bulk Ni, reduces drastically for C.E. 
nanowires (0.8 emu/g). The reduction in net magnetization is mainly due to the random 
orientation of the C.E. nanowires. The Hc values vary considerably for nanorods (275 Oe 
at 2 K), T.E. nanowires along longitudinal (750 Oe) and transverse (180 Oe) directions, 
and in CE nanowires (230 Oe).  Also, it is good to compare the saturation field (Hs) 
values for nanorods (~ 4000 Oe), T.E. nanowires along longitudinal (~ 200 Oe) and 
transverse (~ 2700 Oe) directions, and in CE nanowires (~ 15,000 Oe). It is interesting to 
note that Ms, Hc and Hs differ significantly from sample to sample, although the basic 
nanocrystalline structure prevails in all these Ni samples. It is well known that both 
number and size of domains play a major role in magnetic properties.7 The values of Hc, 
for nanoscale samples are nearly two orders of magnitude larger than that of bulk, and it 
decreases with increasing size due to the transition from single domain to multidomain 
regime. As the size of nanostructure increases, coercivity decreases due to the increase in 
the number of domain walls. Whitney et al have reported that Hc varies from 650 to 400 
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Oe, as the size increases from 50 to 100 nm.9 However, nanoscale samples below a 
certain critical diameter (typically less than 30 nm), having a single magnetic domain, are 
considerably affected by interparticle dipolar interaction and surface anisotropy energy, 
besides the thermal fluctuations. Zheng et al have observed that Hc increases by a factor 
of two (550 to 950 Oe) as the diameter of Ni wires increases from 10 to 20 nm indicating 
that the magnetic properties are rather sensitive at nanoscale.8  
In this work, the diameter (4-30 nm) of nanoscale samples are chosen in such a 
way that domain dependent roles in the nanomagnetic properties are minimized; since all 
the samples, except bulk, are expected to be in single-domain regime. It is interesting to 
note that the magnetic environment is quite different in each of these cases. The values of 
Hc in longitudinal (transverse) direction are high (low) for T.E. nanowires, and rather low 
for C.E. nanowires, which is mainly due to the contributions from magnetic 
environments. The nanorods are unshielded since they are tethered by HAD, which is not 
expected to alter the magnetization at low fields. The T.E. nanowires are embedded 
within alumina template so that the field can easily penetrate the nanowires in 
longitudinal measurements, leading to large magnetization. This explains the large value 
for Hc in longitudinal direction, and the low value of Hs to reach saturation 
magnetization. However, in transverse direction, diamagnetic shielding due to alumina 
membrane offers resistance to magnetic field, this result in a rather low value of Hc, as 
well as a higher value of Hs. Since C.E. nanowires are fully enclosed within diamagnetic 
carbon nanotubes, the Hc and Ms values are less than that of T.E. nanowires due to the 
screening of field; and subsequently increase the value of Hs. Although in Fig. 2, the 
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M/Ms vs. H plots for C.E. nanowires  and nanorods look similar, this is mainly due to the 
fact that the data for latter is at 2 K, with a different temperature dependence of 
coercivity.11 
 The hysteresis loops for C.E. nanowires at 5, 100 and 300 K are shown in Fig.    
3 (a). The coercivity values plotted as a function of temperature is shown in Fig. 3(b). 
The temperature dependence of coercivity for single domain particles is given by the 
relation: 14,15 
                                  ])(T/T[1HH kBC0C −=                                      (1) 
where HC0 is zero temperature coercivity, and TB is blocking temperature. The exponent k 
is 0.5 for an assembly of aligned particles and 0.77 for randomly oriented particles. It is 
well known that at nanoscale confinement, where the size is of the order of 5-50 nm, the 
thermal activation energy overcomes cohesive energy of fluctuating magnetic domains, 
above a certain blocking temperature (TB), and this provides adequate energy for the 
alignment of particle moments in an applied magnetic field. As a result, the hysteretic 
behavior is suppressed and the system behaves as a strong paramagnet or a 
superparamagnet at T > TB.7 Our data in Fig. 3(b) roughly follows the T0.77 behavior and 
suggests the value of TB ≥ 300 K for unaligned C.E. nanowires. The deviation from the 
ideal behavior can be explained by understanding the different mechanisms responsible 
for magnetization reversal in nanoparticles and nanowires. Although T0.5 dependence of 
coercivity has been reported in nanoparticles,14,16 the mechanism for the temperature 
dependence of coercivity in nanowires is not yet clearly understood. Although the 
coercivity value for the nanorods (Fig. 2) is high (275 Oe) at 2 K, it should be 
considerably reduced (following Eq. 1) at 300 K, since the value of TB ~ 100 K.  
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Furthermore, the FC-ZFC plot in Fig. 3 (c) shows a bifurcation at 300 K, which 
provides further evidence for the suggested superparamagnetic behavior. The temperature 
dependence of FC curve, from 5 - 300 K, resembles that of a paramagnet while the onset 
of superparamagnetic regime is indicated by the bifurcation at 300 K, as observed in both 
heating and cooling cycle data. The reported value of TB (298 K) for Ni nanoparticles of 
diameter 30-50 nm is very similar to that for the C.E. nanowires. 17 Bulk Ni shows 
ferromagnetic behavior, whereas various nanostructures of Ni (e.g. nanoparticles, particle 
clusters and nanocrystals, size 5-40 nm) exhibit superparamagnetism.18,19 For nanowires 
several microns long but diameters < 50 nm, superparamagnetism has also been 
reported.20,21 The values of TB for nanoscale samples are shown in Table I, indicating that 
larger the particle size, higher the value of TB.  
For T ≥ TB, the magnetization vs. H/T curves scale to Langevin type behavior:14 
                                        
a
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M
s
H 1)coth()( −==                                  (2) 
where a=(μeff H)/ kB T. The effective moment is given by μeff = Ms <V>, where <V> is 
particle volume and kB is Boltzmann constant. The magnetization data for C.E. nanowires 
at 300 K fit well to Eq. 2, as shown in Fig. 3 (d). The data have been corrected to remove 
diamagnetic contribution of the carbon nanotube encapsulation. As determined from the 
fit: μeff  ~ 1.1 × 10-16 erg / Oe = 1.2 × 104 μB, where μB is Bohr Magneton. Such high 
value of magnetic moment has been reported for similar nanosystems that show 
superparamagnetic behavior.6 Accumulation of large number of uncompensated spins on 
the surface of magnetically isolated nanowires can give rise to such high magnetic 
moment which in turn can explain the superparamagnetism in encapsulated nanowires.  
 8
Since the aspect ratio of these nano samples differs considerably, the anisotropic 
contribution to their magnetic properties has been evaluated in detail. The effective 
anisotropy in a magnetic particle (Kp) results from both magnetocrystalline anisotropy 
(Ku) and shape anisotropy (Ks) contributions: Kp = Ku + Ks. Nevertheless for spherical 
nanoparticles, only magnetocrystalline anisotropy contributes to Kp. In case of Ni and 
other transition metal based magnetic materials, the magnetocrystalline anisotropy is not 
high; instead the shape anisotropy plays an important role in controlling the magnetic 
properties. The shape anisotropy contribution in nanowires can be expressed as22 
                          Ks = 2
)sll (M )Hs - (Hs ⊥                                   (3)     
where ( ⊥Hs - Hsll ) = 2πMs is the effective saturation field in parallel and perpendicular 
directions of aligned nanowires. The value of Ks for T.E nanowires is calculated by using 
Eq. 3, as shown in Table I. In C.E. nanowires, the nanowires being randomly oriented, 
the direction dependent measurement cannot be carried out. As a result the above 
equation cannot be used and the shape anisotropy constant (Ks) has been determined by 
an alternate method.  
For a particle exhibiting superparamagnetism, the effective anisotropy (Kp) is 
determined by the relation 11  
                                 TB = KpV / 25 kB                                                      (4) 
where V is the particle volume. It is to be noted that, the contribution due to dipolar 
interactions23 has not been taken into account in this equation since the particle volume in 
our system is quite large (length ~ 100 nm and diameter ~ 10 nm). Moreover the 
diamagnetic encapsulation due to carbon-walls increases the interparticle separation; as a 
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result the dipolar interaction is considerably weakened in the C.E. nanowires. By using 
the known values of V = 7850 nm3 and TB ~ 300 K, the value of Kp = 1.5 × 105 erg/cm3, 
as obtained from Eq. 4. By subtracting the value of magnetocrystalline anisotropy 
constant for nickel24 [Ku = - 0.5 × 105 erg/cm3] from the total anisotropy (Kp), the value 
of shape anisotropy is determined as Ks ~ 2 × 105 erg/cm3. Comparing the values of Ku 
and Ks shows that the shape of C.E. nanowires increases the total anisotropy (Kp) by a 
factor of four. This value for C.E. nanowire is quite close to other reported samples as 
shown in Table I. It is interesting to note that since Ku is an intrinsic property that cannot 
be altered, but the value of Ks can be tuned to a large extent by controlling the aspect 
ratio, particularly by varying the diameter of nanotube/rod/wire; and this can be achieved 
by optimizing the sample preparation techniques. Thus by tuning the shape of nanoscale 
structure and its environment, it is possible to control the total anisotropy of the material, 
which can be used for various applications that demand directionality in magnetic 
properties.  
 
4. CONCLUSIONS 
 To summarize, the TEM images show that the nickel nanowires (C.E.) are quite 
well encapsulated within multi-wall carbon nanotubes. The diamagnetic shielding of 
carbon nanotube acts as an effective barrier against oxidation that can be very useful for 
high temperature magnetic applications. The magnetization of C.E. nanowires are 
compared with respect to bulk, nanorods and template embedded (T.E.) nanowires 
indicating that size, shape and environment play a crucial role in determining the values 
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of Ms, Hc and Hs. In C.E. nanowires, Hc follows T
0.77 dependence, and the bifurcation in 
FC-ZFC plot shows superparamagnetic behavior with TB ~ 300 K. Such 
superparamagnetic behavior in long nanowires with confined diameter can be ascribed to 
the large value of effective magnetic moment obtained from Langevin fit to the 
magnetization data. Also observed that the value of total anisotropy constant (Kp) of the 
system can be controlled by varying the shape of the nanostrucutres.  
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Figure Captions  
 
Fig.1. TEM and HRTEM (inset) image of multiwall carbon nanotube encapsulated (C.E.) 
Ni nanowires.  
Fig. 2.  M/MS vs. H plot at 300 K for C.E. nanowires as compared to other forms of Ni: 
bulk and template embedded (T.E.) nanowires at 300 K, and the data for nanorods 
at 2 K.  
Fig. 3. (a) Hysteresis plots for C.E. nanowires at different temperatures (b) Temperature 
dependence of coercivity, solid line is guide to eyes (c) FC-ZFC plots at 100 Oe, 
showing  TB ~ 300 K (d) M vs. H/T plot at 300 K, solid line is Langevin fit to 
Eq.2.  
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Table I: Comparison of magnetic properties [size, HC, blocking temperature (TB), 
magnetocrystalline (Ku) and shape (Ks) anisotropy constants] for various forms 
of Ni in this work. 
  
 
 
Sample 
 
 
Size 
(diameter × 
length) 
nm 
 
 
HC (Oe) 
 
 
 
TB (K) 
 
Ku 
(erg/cm3) 
 
Ks 
(erg/cm3) 
 
Bulk 
 
[Ref. 10] 
 
≥ 103 
 
0.7 
 
-- 
 
-0.5 × 105 
(at 300 K) 
 
-- 
 
Nanorods 
(random) 
 
[Ref. 11 ] 
 
4 × 15 
 
275 
(at 2 K) 
 
100 
 
-7 × 105 
(at TB) 
 
7.7 × 105 
 
 
Template 
embedded (T.E.) 
nanowires 
(aligned) 
 
[Ref. 12] 
 
 
 
30 × 100 
 
Longitudinal
750 
 
 
Transverse 
180 
 
 
 
 
-- 
 
 
 
-0.5 × 105 
(at 300 K) 
 
 
 
5 × 105 
 
Carbon nanotube  
encapsulated 
(C.E.)  
nanowires 
(random) 
 
 
 
10 × 100 
 
 
 
230 
 
 
 
300 
 
 
 
-0.5 × 105 
(at TB) 
 
 
 
2 × 105 
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Figures 
 
 
 
 
 
Fig 1. TEM and HRTEM (inset) image of carbon encapsulated (C.E.) Ni nanowires. 
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Fig. 2.  M/MS vs. H plot at 300 K for C.E. nanowires as compared to other forms of Ni: 
bulk and template embedded (T.E.) nanowires at 300 K, and the data for nanorods at 2 K.  
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Fig. 3. (a) Hysteresis plots for C.E. nanowires at different temperatures (b) Temperature 
dependence of coercivity, solid line is a guide to eyes (c) FC-ZFC plots at 100 Oe 
showing TB ~ 300 K (d) M vs. H/T plot at 300 K, solid line is Langevin fit to 
Eq.2. 
  
